The methods to monitor the distribution of chemicals in the biosphere and to estimate the impact of chemicals on the biosphere are necessary to reach Sustainable Development Goals (SDGs). The paper presents the examples of methods to measure the concentration of heavy metals (including rare earth elements) and to rank them by the level of hazard to human health on different scales. The megacity scale presents the investigation of the impact of heavy metals on the small water bodies using water contamination index (WCI); and the investigation of snow contamination to estimate the level of short-term seasonal emission of heavy metals and rare earth elements. The 2 nd part of the paper presents approaches to mitigate the exposure to mercury on the regional scale: the estimation of the current concentrations of mercury in atmospheric air, natural soils, and fresh waters using UNEP/SETAC USEtox model, as well as the estimations of the variations in the concentrations of mercury for the year 2045 in the federal districts of the Russian Federation, based on representative concentration pathways (RCPs) scenario and Minamata Convention scenario.
Introduction
Sustainable Development Goals adopted at the UN Summit in 2015 [1] are directly related to the necessity of reducing the impact of chemicals on the components of environment. In particular, Goal 6 ("Ensure access to water and sanitation for all") includes such targets as "improve water quality by reducing contamination, eliminating dumping and minimizing release of hazardous chemicals and materials, halving the proportion of untreated wastewater and substantially increasing recycling and safe reuse globally" and "protect and restore water-related ecosystems, including mountains, forests, wetlands, rivers, aquifers and lakes." Goal 11 ("Sustainable cities and communities") describes the necessity of reducing "the adverse per capita environmental impact of cities, including by paying special attention to air quality and municipal and other waste management." Goal 15 ("Life on land") requires ensuring "the conservation, restoration and sustainable use of terrestrial and inland freshwater ecosystems and their services, in particular, forests, wetlands, mountains and drylands, in line with obligations under international agreements".
The impact of certain chemicals, nitrogen compounds in particular, has already exceeded evidencebased planetary boundaries and may result in disastrous consequences for humanity [2] . Though it is impossible to restrict the presence of all humanmade chemicals in the environment, it is necessary to restrict the discharge of the most hazardous chemicals to limit their impact on the biosphere [3, 4] . The estimation of the impact is of great urgency and needs to be addressed immediately.
The identification of the environmental impact of heavy metals on the state of small bodies of water
As a first object of this study, we examined approaches to the identification of the impact of heavy metals on the state of small water bodies. Small water bodies are among the main elements of urban ecosystems, and their condition directly affects the quality of life of the population.
The existing system for monitoring small rivers in the Russian Federation is not intended to detect the most hazardous admixtures. Hence, under the existing system it is impossible to localize the area of the river where the strongest release of contaminants occurs. The methodical approaches that we have used make it possible to determine and to identify the top priority contaminants and the most problematic parts of the river where special attention should be given in the development of programs for rehabilitating water bodies. The suggested recommendations were tested on the Setun river, which flows in the western part of Moscow and is a right tributary of the Moskva river. The Setun river is about 38 km in length, its watershed area is about 190 km 2 . The mean water discharge is 1.33 m 3 /s. One of the river's distinctive features is that it flows in its natural channel throughout almost its entire territory. In 2003, the adjacent areas were included in the "Setun River Valley," a specially protected natural reserve. For the purposes of this study, water samples were taken in control stations located along the entire length of the Setun. The estimation of water contamination is performed using various indices that allow the presence of several contaminants to be taken into account. The complex hydrochemical water contamination index (WCI) is an additive indicator equal to the mean value of relative concentrations of the selected n components:
where C i is the concentration of i th component, mg/L; MAC i is the maximum allowable concentration for the i th component established governmentally for the corresponding water body type, mg/L [5] . In our opinion, the impact of chemicals, heavy metals in particular, on the quality of water in a particular water body should be estimated using all the values of heavy metal concentrations known for a given water sample. In this case, we will obtain the index of water contamination with heavy metals WCI h.m . The contribution of each heavy metal to this index provides an estimate of the impact priority of each metal. Heavy metal concentrations in water samples were determined by atomic absorption spectrometry (KVANT-2 instrument) in the Center of Shared Scientific Equipment at Dmitry Mendeleev University of Chemical Technology of Russia. The results are presented in Table 1 .
The index of water contamination by heavy metals at 10 control stations along the Setun river (Table 2 ) was estimated using the concentrations of Fe, Mn, Al and Zn compounds, since the content of other heavy metals (Cu, Pb, Co, Ni) in the samples was below the determination level. Our data indicate that heavy metals considerably affect the quality of water in the Setun (Table 2 ). It should be noted that this impact is observed even in the headwaters, but it decreases to "above average" towards the river mouth, apparently due to being diluted by purer waters. An estimate of the contributions of particular heavy metals to the overall impact ( Fig. 1) has shown that the impact of heavy metals throughout the entire river is due to the release of manganese compounds into the water: the fraction of these compounds in the overall water contamination index exceeded 63 % at all of the control stations.
The previously reported approaches [6] have been used to estimate the mass fractions of the released contaminants. The release fraction of the i th contaminant in the j th river section between control stations can be determined using the following equation:
For each i th contaminant, the mass of released compound is determined by mass and flow rate according to the equation:
where v j is the incoming water volume in the j th river section per unit time, m 3 /s; C ij is the concentration of the i th contaminant in the j th river section. Our estimate of the release of heavy metals in various segments of the Setun river has shown that the majority of manganese compounds enters the river in the territory of the Moscow region, between control stations 1 and 2 ( Fig. 2) .
The data obtained for the most hazardous contaminants and their points of entry along the river facilitate the selection of priority environmental solutions for decreasing the impact of heavy metals on the water object studied [7] .
The analysis of the heavy metals concentrations in snow
Pollution of the environment with anthropogenic solid airborne particles is a global problem and study of solid airborne particles is of great importance for the problems of environment [8] . Snow is an ideal form of atmospheric precipitation for estimating the level of short-term seasonal emissions of various elements to the environment [9] . Studies were conducted in the Setun River Valley natural reserve. Samples were collected at all depths of the snow cover during its maximum accumulation. Molten snow was filtered to separate the solid and liquid phases, which were analyzed separately. The results of the study were obtained by mass spectrometry with inductively coupled plasma (ICP-MS). Analysis of snow samples was performed on an X II -ICP-MS Thermo Scientific quadrupole mass spectrometer in the analytical laboratory of Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry at the Russian Academy of Sciences. The results of the element analysis of solid phase of snow are given in Tables 3 and 4 .
The data obtained allow us to draw some conclusions about the content of the various elements and the nature of the distribution of rare earth elements (REE) in the snow samples studied. The total REE concentration (∑REE) varies from 0,017 to 0,249 ppm and decreases from southwest to northeast. The graphs of chondrite normalized REE concentrations showed negative REE distribution with La/Yb from 14 to 17 and Eu/ Sm from 0.22 to 0.25 (Table 3 , Fig. 3 ). Sample 5 is an exception; it has a minimum ∑REE (0.017 ppm) and an extremely high La/Yb = 97 (Table 3 , Fig. 3 ).
This analysis reveals a similar northeast directed downward trend in the content of heavy metals and some other toxic elements. The highest concentrations from 1.4 to 55.0 ppm are characteristic for Fe. It is also correlated with concentration of REE, Mn, Cr, Ni, Co, Pb and other elements (Table 4) . Thus, a precise analysis of REE, heavy metals and other toxic elements concentrations and distribution in snow samples by ICP-MS provided an opportunity to assess the level of short-term seasonal eolian contamination in the Setun River Valley natural reserve. The data obtained are part of the ecological monitoring of this specially protected area. The results of the study may be applied to estimate the risks related to the contamination of the environment with heavy metals and other toxic elements.
The estimation of the environmental impact of heavy metals on the global and regional scales
The examples presented above are very illustrative. Rockström et al. [10] , who introduced the concept of "planetary boundaries" that set a "safe functional space for the humankind" did not define a quantitative indicator for the "chemical pollution" planetary boundary. Instead, scientists consider several possible parameters that may determine these boundaries [11] . It is assumed that "chemical contamination" is not a unique and independent planetary boundary, but rather that there are a number of processes constituting a significant hazard on a planetary scale because of the chemicals in use. To avoid planetary problems related to the effects of chemical factors, it is necessary to develop a new global and proactive approach to identifying and manag- ing the chemicals that could pose a threat to the entire planet. One of possible options for implementing such an approach is based on estimating the chemical footprint [12] , which is most often defined as a quantitative measure describing the ecological space required to dilute the chemical contamination caused by human activity to a level below a defined threshold [13, 14] . This methodology is commonly used in Europe to estimate the impact of the production and use of chemicals [15] , the chemical pollution in countries [12, 16] , etc.
The evaluation of the adverse effects on the environment and human health caused by mercury mobilization
We applied a chemical footprint estimation methodology to determine the adverse effects on the environment and human health caused by mercury mobilization in the course of anthropogenic activity. Mercury, one of the most dangerous heavy metals, is a well-known hazardous contaminant [17] . Emissions and the discharge of mercury and its compounds create considerable risks both for the environment and for human health. The extent of the problems caused by mercury usage has been investigated, discussed, and received worldwide recognition at the Governing Council of the United Nations Environmental Programme (UNEP), culminating in the Minamata Convention on Mercury [18] . Contamination of mercury and its compounds is a consequence of human industrial activities [19] . According to estimates, about 2/3 of all the mercury circulating in the environment is of anthropogenic origin. Specialists' estimates show that about 700 000 tons of mercury is human-made. A considerable fraction of this amount is found on the Earth's surface.
There are four sources of mercury release/mobilization [17, 19] : -primary natural sources (volcanic activity, geothermal activity, the erosion of rocks containing mercury); -primary anthropogenic sources (ore mining and processing, waste incineration plants, cement kilns, large facilities for mining and producing non-ferrous metals (Cu, Zn, Pb, Al, Au, Ag), as well as the use of fossil fuels: coal, oil, etc.); -secondary anthropogenic sources (the use of power cells, paints, mercury thermometers, mercury light sources, and mercury as a cathode in electrolytic baths). Mercury is used as a catalyst or raw material in chemical and other industries, mercury and its compounds are present in various industrial and consumable products. Figure 4 depicts the approximate distribution of mercury usage among key industries around the world (data as of 2005) in metric tons; -re-mobilization (transfer of accumulated mercury from one domain to another, e.g. burning-out of forests or flooding of territories, since the biomass of forests and organic compounds of the surface layer of soil often contain mercury). The Russian Federation considers the Minamata Convention on Mercury to be one of the key global environmental protection treaties developed under the auspices of UNEP in the past decade [15] . The interest of Russian Federation in this Convention is based on the fact that mercury contamination can have dangerous ecological consequences not only on local but also on regional scale [15] . Implementing the Minamata Convention on Mercury Provisions in the Russian Federation would minimize the risks of contamination with mercury and mercury compounds, provide for the recovery of polluted territories, and decrease mercury emissions in the atmosphere over the territory of the Russian Federation [15] . Figure 5 shows the locations of enterprises in the Russian Federation whose activity may result in potentially significant levels of mercury mobilization to the environment.
The USEtox model developed by UNEP [20] is aimed to estimate the chemical pollution and chemical footprint. In order to estimate the significance of the impact of mercury and its compounds on the environment and health of the population in the Russian Federation, we have applied the USEtox model on the regional scale, e.g. the scale of federal districts of the Russian Federation. Calculations were carried out assuming that regional systems contain three components: atmospheric air, natural soils, and fresh waters (urban territories and sea waters were not taken into account).
Mean annual temperature, precipitation, river runoff, land area values have been provided by the Ministry of Natural Resources and Ecology of the Russian Federation [21, 22] . Table 5 . The following officially established hygienic regulations for mercury and its compounds were used in the calculations: MAC in atmospheric air, daily average = 0.0003 mg/m 3 (with respect to mercury) [23] ; MAC in fisheries = 0.00001 mg/L [5] ; MACsoil = 2.1 mg/kg [24] . MAC for soil was recalculated with provided that the soil density was 2166.3 kg/m 3 [25] . The calculated concentrations of mercury for soil exceed MAC in Volga and North Caucasian federal districts. The calculated concentrations of mercury for fishery water bodies exceed MAC in all federal districts. The assessment of the impact of climate change and national regulation on the mercury concentration in the components of the environment
We have also calculated concentrations of mercury for the year 2045 assuming representative concentration pathways RCP4.5 (the scenario adopted by the Intergovernmental Panel on Climate Change (IPCC) [26] ) and corresponding predictions for temperature, wind and precipitation produced by the Institute of Numerical Mathematics (INM RAS) CM4 model [27] for the Coupled Model Intercomparison Project (CMIP5). The RCP 4.5 is a stabilization scenario where total radiative forcing is stabilized before 2100 by employment of a range of technologies and strategies for reducing greenhouse gas emissions [28] . We have concluded that due to significant increase of precipitation in the federal districts of the Russian Federation mercury concentration would decrease in epy atmospheric air (by 22 %), in small water bodies (by 12 %), and in soil (by 12 %), but would respectively increase in seas and oceans [29] . Despite of the abovementioned decrease, the average mercury concentration in the federal districts would still exceed the established MACs, so additional regulative steps should be taken by the government.
Several scenarios have been considered for the proposals of a national action plan to minimize mercury exposure. The effects of government regulatory systems on minimizing exposure to mercury and its compounds can be seen in Figs. 6-8 . In order to perform such an assessment, sources of potential mercury mobilization in the Russian Federation have been identified, and a model has been constructed which predicts the levels of emissions and discharges of mercury depending on decisions made at the national level.
The first scenario corresponds to the situation when the government does not interfere in the regulation of mercury circulation, but still runs industry and energy development programs launched in Russia. The graphs presented in Fig. 6 show a noticeable increase in mercury emissions to the atmosphere and mercury waste generation.
In the second scenario, the government follows the regulatory activities laid out by the Minamata Convention on Mercury. The graphs presented in Fig. 7 show that employing these activities will lead to a minimization of waste generation; this in turn, directly corresponds with one of the key principles of green chemistry.
In the third scenario, aside from compliance with Minamata objectives, the government will conserve resources in addition to increasing energy efficiency by replacing coal with more environmentally friendly natural gas, with the results being even more impressive in the long run (see graphs presented in Fig. 8 ). It will not only be possible to reduce levels of toxic waste, but also to obtain a reduction of mercury emissions into the environment.
The superposition of RCP 4.5 scenario and the scenario of Minamata convention governmental implementation (prohibition to release to the environment mercury utilized as industrial catalysts, mercury from lamps and other appliances) predicts that the average mercury concentration in soil would be less than the established MAC for mercury concentration by 2045. The average mercury concentration in atmosphere reduces by 33 % with the maximal reduction in the South and the North-western federal districts (by 57 %) and minimal reduction in the Urals and the North Caucasian federal districts (by 17-18 %). The average concentration of mercury in water bodies also reduces by 21 % with the maximal reduction in the South federal district (by 93 %) and the minimal reduction in the Urals federal district (by 7 %) though still exceeding maximal allowable concentrations in all districts except the South and the North-Western districts.
In conclusion, it is necessary to mention that scientific and technological community is one of nine sectors of society ("Major Groups") formalized as the main channels through which broad participation would be facilitated in the UN activities related to sustainable development. Among the approaches in the field of SD, developed by the community recently, the concept of planetary boundaries might be mentioned as a powerful tool to facilitate analysis of the consequences of the anthropogenic impact on the environment. "Chemical pollution" is one of two planetary boundaries that has not been quantified (because of its' complexity). The fate of heavy metals (including the rare earth metals) in the environment might serve as an example of this complexity. Never-the-less, the monitoring data allow to rank the levels of pollution with different heavy metals and to identify their sources, as well as to analyse different scenario of the industrial policy.
